The ferric ion-binding protein A (FbpA), a member of transferrin superfamily, is a periplasmic iron transporter employed by many Gram-negative pathogens. Our experiments indicated copper(II) could bind with Neisseria gonorrhoeae FbpA (NgFbpA), and the binding constant reached up to (8.7 AE 0.2) Â 
Introduction
Copper is an essential nutrient for all aerobic life forms and it is assumed from bioinformatics analyses that about 1% of the total eukaryotic proteome is composed of putative Cu-binding proteins. 1 As a metalloenzymatic cofactor, copper plays critical roles in cellular respiration, free radical detoxification, neuropeptide activation, iron transportation, and other biological processes. [2] [3] [4] However, excessive copper also exhibits potential toxicity partially due to its ability to generate reactive oxygen species. Thus, cellular copper levels in organisms should be exactly regulated by an array of proteins including the copper transporter CTR1 protein, 2 which mediates Cu + uptake across the plasma membrane, and several Cu chaperones, 5 which can deliver Cu to specific target enzymes. On the other hand, it is noted that copper has been reported as an efficient antimicrobial agent that could inhibit the growth of harmful pathogens including bacteria, moulds, algae, fungi, and viruses. 6, 7 For examples, several copper complexes coordinating with certain amino acids, along with Schiff bases could display potent inhibitory activities against Staphylococcus aureus, Streptococcus pyogenes or other pathogens. 8, 9 However, detailed molecular mechanisms responsible for the antimicrobial activity of copper are still not fully interpreted, and are the subject of intensive research. Currently it is supposed that elevated copper level in cells is likely to cause oxidative stress and the generation of hydroxyl radicals, subsequently leading to inevitable damage to lipids, proteins, and nucleic acids. 5, 10 Moreover, copper may disrupt protein structures by means of interaction with the polypeptide backbone (the biuret reaction) or through occasional binding to particular amino acids (e.g. Cys). 5 Particularly, copper has been reported to damage iron-sulfur cluster proteins through the ability of Cu + to displace iron atoms from the solvent-exposed iron-sulfur cluster and so coordinates to sulfur atoms. 11 Despite much research having been carried out, the transportation of copper in bacteria and the mechanism through which many copper complexes exert antibacterial activity, remains elusive and needs to be further investigated. The ferric ion-binding protein A (FbpA), a single-chain 34 kDa protein, has been identified as a bacterial transferrin in many pathogens. [12] [13] [14] It plays a key role in the function of transporting Fe 3+ from the outer membrane through the periplasm to the cytoplasmic membranes in many Gram-negative bacteria, such as Neisseria meningitidis, Neisseria gonorrhoeae, Haemophilus influenzae, Actinobacillus actinomycetemcomitans, Actinobacillus pleuropneumoniae, and Pasteurella hemolytica. , or alter the protein conformation to impede iron transport into the cytoplasmic membrane indirectly. FbpA could be served as a potential target for designing metallo-antibacterial drugs.
In the present study we have overexpressed and purified FbpA from Neisseria gonorrhoeae (NgFbpA). In order to investigate the interactions between other non-Fe 3+ metal ions and (2) and (4)).
Oxo-Cu 2 clusters assemble in the crystals
Detailed information with respect to the binding of Cu 2+ to apoNgFbpA was elaborated by X-ray crystallography. Recombinant Cu-NgFbpA solution could be prepared using Cu(NO 3 ) 2 or Cu(Glu) 2 reacting with apo-NgFbpA in 10 mM Tris-HCl buffer pH 7.40 and thoroughly exchanged into 0.1 M KCl solution by ultrafiltration. As expected, the best crystals were obtained when Cu(Glu) 2 was used. There are nine protein molecules in the asymmetric unit of the crystal and the refinement statistics are shown in Table 1 . It possesses two asymmetric globular a/b-domains connected by a pair of antiparallel b-strands. Similarly, as with the recombinant Hf-FbpA and Zr-FbpA, 25, 26 the Cu 2+ -binding site resides at the bottom of a deep cleft between the two globular domains (Fig. 3) .
All the nine molecules contain oxo-Cu 2 clusters (dinuclear centres), and within each cluster Cu exhibits quite different coordination geometry (Fig. 4) Tyr196. This is in accordance with two positive absorption bands around 250 and 280-300 nm in the UV-vis spectra ( Fig. 1) , resulting from the perturbations of the p-p* transitions of the aromatic ring upon the binding of metal ions. Strikingly, such absorption bands were also found when Fe 3+ bound to apo-Fbp. 39 The and under [(m-O) 2 Cu 2 ] plane and the two additional oxo ligands laying on the opposite sites to the m-oxo ligands (Fig. 4) . To our surprise, the 5-, 3-and 2-coordinated Cu 2+ appeared in some of the molecules (Table 2) . Unlike molecules A, B, H and I, the
is not in a plane for molecules C, D, F and G with the dihedral angles in a range from 611 to 691. However, the 2-or 3-coordinated Cu 2+ emerged commonly in multicopper oxidases [42] [43] [44] despite that it typically coordinates with histidines but not tyrosines, but such coordination could be of significance for the catalysis function of copper. Molecule E is quite different from the rest of others. There is only a very weak bridging linkage between the two Cu 2+ ions although they are 3.06 Å apart. In molecule F, the two bridged oxygen atoms are only 2.58 Å apart, much shorter than that in other molecules, similar to that in CueO (2.53 Å). 44 
Structural comparison with other FbpAs
Although the orientations of the nine molecules differ from each other (Fig. 3B) , the overall conformational arrangement exhibits similarly. Structural alignments of Cu-NgFbpA through using the DaliLite-pairwise option (http://ekhidna.biocenter.helsinki.fi/dali_ server/) showed that the space structure of Cu-NgFbpA possesses high similarity to that of the recombinant oxo-Fe-FbpA (1R1N), 23 Zr-FbpA (1XC1), 26 Hf-FbpA (1O7T) 25 and apo-form of
Haemophilus influenzae FpA (1D9V) 45 ( Fig. 5A) ) were loaded into apo-FbpA. This further suggests that the protein could be serving as a metal storage/buffering system, particularly when excess metals are present in the environment. 
Discussion
Copper is an indispensable catalytic and structural cofactor which is involved in important biochemical processes and is essential for life. However, copper is also potentially toxic to cells because of its redox activity, which can generate reactive radical species eventually causing serious damage to cellular components, and its competitive property for metal sites in proteins, which may make it to occupy these sites in place of the physiological metal. 47, 48 Thus, copper intake, distribution, utilization and excretion must be tightly regulated. From the studies on yeast, it has provided a basic knowledge of cellular and system biology of copper and the comparative analyses indicated that some fundamental features of copper homeostasis are conserved from bacteria to humans. 49 Copper is transported into the cells through either high affinity transporters of the Ctr family or low-affinity permeases, and the structural studies established the importance of extracellular Metrich motifs and the Cys-containing clusters of Ctr-proteins for copper binding and uptake. 47, 49 Once inside the cell, copper is distributed to the sites of utilization by specialized factors called copper chaperones, which contain highly conserved CPC and CXXC metal-binding sequence. 47 [17] [18] [19] [20] [21] It is also known that the anion plays a vital role in iron binding and release, which has been verified by a series of biochemical and kinetic studies. The synergistic anion has been shown to preorganize the binding site prior to iron insertion for FbpA, 51 and to control the release of iron, because proton-assisted release of the phosphate anion is the preliminary step in iron release. 52 In addition, synergistic anion exchange may be an important regulator in iron delivery by FbpA to the cytosol 22 , can display to a certain extent affinity toward apo-FbpA. 31 In the present study, Cu 2+ was discovered to bind to apo-NgFbpA rapidly with a binding constant ca. 10 9 M
À1
. Although the binding of copper to NgFbpA is several orders of magnitude weaker than for iron, it is still relatively strong and highly specific since the recombinant Cu-NgFbpA can be isolated and crystallized. Cu 2+ was found to bind to the key tyrosine residues in the metal binding cleft described below. It has previously been shown that FbpA and its variants are able to bind metal ions e.g. Fe
3+
, Zr 4+ and Hf 4+ via its conserved two tyrosines. 18, [25] [26] [27] [28] [29] 53 Indeed, our crystal structure of CuNgFbpA once again evidenced the importance of these adjacent tyrosine residues in the binding of Cu 2+ . Interestingly, the bond distance of Cu-OTyr (1.77-2.50 Å) ( Table 2 ) is close to those found in human copper-lactoferrin (1.97-2.84 Å). 56, 57 In addition to the tyrosine residues, only bridge-linkage m 2 -oxo and monodentate oxo ligands, but not other anions, can be fitted in to complete the coordination sphere of Cu 2+ (Fig. 4) . Unlike the synergistic anion phosphate which is employed to stabilize the Fe 3+ binding in native holo-Fe 3+ -Fbp, the H-bonds with Glu57, as well as Arg262 and Asn175, may have roles in the assembly of the oxo-Cu 2 clusters in the recombinant Cu-NgFbpA (Fig. 4) . Such an assembly of the oxo-metal clusters in the iron binding cleft of FbpA without synergistic anions was also observed previously in recombinant Fe-FbpA and Hf-FbpA. 23, 25, 27 Nevertheless, it has also be observed that in some cases phosphate or carbonate was capped on the oxo-multinuclear clusters of recombinant Fe 3 -FbpA, Fe 3 -H9A-hFbpA, Fe 4 -N175L-hFbpA, Zr 3 -FbpA, Hf 3 -FbpA, and Hf 5 -FbpA. [25] [26] [27] Therefore, the mechanisms of FbpA-mediated iron (and perhaps some other non-Fe 3+ metals) transport, without the participation of synergistic anions under physiological conditions, may warrant further study. 28 In the oxo-Cu 2 clusters, the distance between the two Cu 2+ (2.90-3.22 Å, Table 2 ) is quite short compared with those in multicopper oxidases (3.22-4.44 Å), [42] [43] [44] but falls within the range reported in Cu 2+ clusters such as the haemocynans (2.90-3.80 Å), [58] [59] [60] [61] [62] and [Cu(OH) 2 Cu] units of the Cu 2+ -bipyridine-glutarate tetranuclear complex or Cu 2+ -bipyridine-benzoate hexanuclear complex; 63 while a relatively longer distance (4.61 Å) was reported in the two Cu center of deoxygenated Limulus polyphemus haemocyanin structure. 60 The two Cu 2+ ions could paramagnetically couple each other, similar to that in multicopper haemocynans. Moreover, the bond length of m-O-Cu is 2.39-2.42 Å, close to those in most multicopper oxidases (2.15-2.65 Å) 43, 44 but slightly longer than those in CueO (1.82-2.07 Å). 42 Interestingly, the coordination sphere of Cu 2+ in the oxo-Cu 2 clusters assembled in the iron binding cleft of NgFbpA by coordinating tyrosine instead of histidine but on the whole seems similar to those occurring in multicopper oxidases.
Although the binding of Cu 2+ to the iron transporter FbpA is much weaker than that of Fe 3+ , FbpA may be also serve as a potential transporter (and/or buffer) of copper under certain circumstances such as iron deprivation or local copperenriched environments. Moreover, such a weak binding would allow Cu to be released readily from the Cu-NgFbpA. Therefore, FbpA protein may exert certain roles in copper homeostasis.
Experimental
Overexpression and purification of FbpA
NgFbpA was overexpressed in E. coli Top10 transformed with pTRC99A/FBP/Ng (a kind gift from Dr D. J. Campopiano, The University of Edinburgh, UK) using a modified method as previously reported. 31 A single colony from freshly transformed cells was used to inoculate 3 ml of LB broth containing 3 mL ampicillin (100 mg ml À1 ). This culture was shaken overnight at 310 K and used to inoculate 1 L of LB with supplement of 1 ml ampicillin (100 mg ml À1 ). After shaking overnight at 310 K, the pink pellet of cells was isolated by centrifugation at 6000Âg for 15 min at 277 K then stored at 253 K. NgFbpA was purified by a modified method as reported. 32 The pink pellet (B6 g) was defrosted at room temperature and re-suspended in 50 ml of 1 M Tris-HCl (pH 8.0) stock solution. 50 ml of 2% CTAB and 1 ml cocktail protease inhibitors were then added. After stirring slowly overnight at 310 K, the white insoluble material was removed by centrifugation at 12 000Âg for 15 min at 277 K. The supernatant was diluted to a final volume of 1 L with distilled water and filtered using 0.22 mm membrane. The cell-free extract was applied to a RESOURCE s S cation exchange column at a flow rate of 4 ml min À1 , which is connected to a fast protein liquid chromatography system, pre-washed and equilibrated with 10 mM Tris-HCl buffer (pH 8.0) according to the manufacturer's instructions. Unbound proteins were removed by extensively washing with the 10 mM Tris-HCl buffer (pH 8.0). NgFbpA was eluted with a linear NaCl gradient (0-1 M NaCl) over 20 column volumes of 10 mM Tris-HCl buffer. Pink fractions were collected, desalted by dialysis against Tris-HCl buffer, and concentrated by ultrafiltration. A Superdex 200 26/60 Glucose gel column was used to further purify the protein and the pink fractions were analyzed by SDS-PAGE.
UV-visible spectroscopy
All of the UV experiments were performed in 1 cm cuvettes on a computer-controlled Perkin-Elmer Lambda 25 spectrometer at 298 K. Aliquots of Cu(Glu) 2 stock solution (10 or 20 mM) were added to apo-NgFbpA solution (20-35 mM, in 10 mM Tris-HCl or Hepes buffer, pH 7.4), and left to equilibrate for 30 min at 298 K, and the UV-vis spectra were then recorded. A buffer solution containing the same amounts of Cu(Glu) 2 was used as the reference. Difference spectra were obtained by subtracting the absorbance of apo-NgFbpA from the spectra of the reaction mixture.
Determination of binding constants
In the competition titration assay, the binding constants were determined according to the equations below: Cu(Glu) 2 + FbpA " Cu-FbpA + 2Glu
Cu(Glu) 2 " Cu 2+ + 2Glu 2 or Cu(NO 3 ) 2 at molar ratios of 1 : 50, incubated for 2 h at 310 K. The colorless protein was then thoroughly exchanged into 0.1 M KCl solution by ultrafiltration.
Crystallization of oxo-Cu 2 -FbpA
The hanging-drop vapour-diffusion method was adopted to allow the protein to be crystallized. Hanging drops were formed by mixing 5 mL protein solution (B30 mM) with 5 mL reservoir solution containing 0.4 M imidazole/malate buffer at pH ranging from 7.6 to 7.8, 0.2 M NaCl and 20-24% PEG 4000 and were equilibrated against 1 ml reservoir solution at 290 K. Crystals appeared in about two weeks and the best crystals were obtained after 6 months at 290 K in imidazole/malate buffer at pH 7.8 containing 0.2 M NaCl and 20% PEG 4000.
Data collection, structure determination and refinement
Diffraction data were collected to 2.1 Å resolution from a single crystal on beamline BL17U at the Shanghai Synchrotron Facility (SSRF) in China, using a Mar Mosaic 225 CCD detector with a wavelength of 0.9792 Å at 100 K. The diffraction data were processed and scaled with HKL-2000. 34 The structure was solved by the molecular replacement method and the 1.5 Å structure of ferric ion-binding protein (PDB code 1XC1) 26 was used as the starting model. Manual adjustment of the model was carried out using the program COOT, 35 and the model was refined by PHENIX and Refmac5. 36, 37 Stereochemical quality of the structure was also checked using PROCHECK. 38 All of residues were found to be located in the favored and allowed regions and none in the disallowed region. Structural figures were prepared using PyMOL.
Conclusion
Our experiments support that copper can bind to the ferric ionbinding protein from Neisseria gonorrhoeae, 
